Background: Stroke is one of the major causes of morbidity and mortality worldwide, which is associated with serious physical deficits that affect daily living and quality of life and produces immense public health and economic burdens. Both clinical and experimental data suggest that early physical training after ischemic brain injury may reduce the extent of motor dysfunction. However, the exact mechanisms have not been fully elucidated. The aim of this study was to investigate the effects of aerobic exercise on neuroprotection and understand the underlying mechanisms. Materials and methods: Middle cerebral artery occlusion (MCAO) was conducted to establish a rat model of cerebral ischemia-reperfusion injury to mimic ischemic stroke. Experimental animals were divided into the following three groups: sham (n=34), MCAO (n=39), and MCAO plus treadmill exercise (n=28). The effects of aerobic exercise intervention on ischemic brain injury were evaluated using functional scoring, histological analysis, and Bio-Plex Protein Assays. Results: Early aerobic exercise intervention was found to improve motor function, prevent death of neuronal cells, and suppress the activation of microglial cells and astrocytes. Furthermore, it was observed that aerobic exercise downregulated the expression of the cytokine interleukin-1β and the chemokine monocyte chemotactic protein-1 after transient MCAO in experimental rats. Conclusion: This study demonstrates that treadmill exercise rehabilitation promotes neuroprotection against cerebral ischemia-reperfusion injury via the downregulation of proinflammatory mediators.
Introduction
Stroke is one of the major causes of morbidity and mortality worldwide, 1 which is associated with serious physical deficits, including motor disability, cognitive dysfunction, and learning problems that affect the quality of life. 2 Thus, stroke produces immense health and economic burdens globally. 3 Unfortunately, it is very difficult to track and determine the exact onset of brain injuries. After stroke, neuroprotection by means of surgery to open up narrowing arteries in the brain, medication to break down the clot, and rehabilitation to recover lost function are critically important. Pharmaceutical drugs that scavenge reactive oxygen species, inhibit programmed cell death, or inhibit excitatory neurotransmitters may reduce tissue injury caused by ischemia. But the clinical trial of NXY-059, a free-radical-trapping agent, failed to show neuroprotective effects in patients with acute ischemic stroke. 4 Dietary supplement of omega-3 fatty acid was believed to prevent vascular events. Unfortunately, the results of a meta-analysis of clinical trials did not confirm the neuroprotective role of omega-3 fatty acid in stroke. 5 However, a growing number of studies have shown that exercise is an effective rehabilitation program for improving clinical outcomes of stroke. 6, 7 Beneficial effects of exercise in stroke patients are also supported by studies in animal models through attenuating pro-inflammatory reactions or inhibiting neuron apoptosis. 8, 9 It has been reported that leukocyte infiltration caused by ischemia-reperfusion plays an important role in the development of cerebral ischemia-reperfusion injury. 10 During reperfusion, activated leukocytes release cytokines to produce an inflammatory cascade, 11 resulting in the deterioration of the salvageable penumbra. Cytokine is a general name given to small nonstructural proteins, and other names include lymphokine, monokine, chemokine, and interleukins (ILs). Those promoting inflammation are called pro-inflammatory cytokines (for example, IL-1, interferon-γ [IFN-γ], and tumor necrosis factor-α [TNF-α]), which are regulated by M1 macrophages/type 1 T helper (Th1) cells under infection and/or inflammation condition, whereas other cytokines suppressing inflammation are called anti-inflammatory cytokines (for example, IL-4, IL-13, and tumor growth factor-β), which are regulated by M2 macrophages/type 2 T helper (Th2) cells during the phase of tissue repair. 12, 13 Postischemic inflammation with pro-inflammatory cytokine expression is an essential step in the progression of brain ischemia-reperfusion injury. 14 The release of inflammatory factors such as ILs and free radicals in response to tissue damage may in turn cause the release of more free radicals. Such reactive species may also act indirectly in redox signaling to turn on apoptosis. 15 Moreover, it has been reported that apoptosis is closely related to inflammation, 16 which plays a crucial role in the pathological process of ischemic brain injury. Research data have shown that the occlusive brain responds to ischemic injury with an acute and prolonged inflammatory process, characterized by rapid production of pro-inflammatory mediators such as IL-1β, 17 TNF-α, 18 and monocyte chemotactic protein-1 (MCP-1) 19 and activation of resident cells such as microglia/macrophages in the ischemic brain tissue. 20 Resident microglial cells are activated within minutes of ischemia onset and produce an excess of pro-inflammatory mediators, including IL-1β and TNF-α, which exacerbate tissue damage. 21, 22 Moreover, it seems that the interaction between the pro-inflammatory mediators IL-1β, TNF-α, and MCP-1 and microglia/macrophages in ischemic brain tissues forms a vicious circle to exacerbate brain injury after ischemic stroke.
Recent reports have demonstrated that physical exercise affects behavior and neuroinflammation through elevation of anti-inflammatory cytokines and reduction in proinflammatory cytokines. 23 Kang et al 24 reported that treadmill exercise revoked the increase in high-fat diet-induced pro-inflammatory cytokines TNF-α and IL-1β in the obese rat. While Gomes et al 25 found that aerobic exercise could increase anti-inflammatory cytokine IL-10 in the brains of aged rats. Moreover, the previous study has shown that early appropriate treadmill exercise promotes brain repair process in a mouse intracerebral hemorrhage model. 26 But the mechanisms of how exercise promotes neuroprotection are unclear. Therefore, a comprehensive study to examine the effects of aerobic exercise on motor function, activation of neuronal and glial cells, and expression of signal molecules such as IL-1β, TNF-α, and MCP-1 in both the brain tissue and peripheral blood was conducted in a rat model of transient middle cerebral artery occlusion (MCAO) to elucidate how aerobic exercise could promote neuroprotection after ischemic stroke. The reason for choosing IL-1β, TNF-α, and MCP-1 was that these pro-inflammatory mediators interact with microglia/macrophages in ischemic brain tissues to form a vicious circle to exacerbate tissue damage.
Materials and methods ischemic brain injury model induction
Pathogen-free 8-week-old male Sprague Dawley rats weighing 250-300 g (Shanghai Laboratory Animal Center [SLAC], certificate number: 2007000555791) were housed under controlled temperature at 23°C in a 12 h light/dark cycle with free access to standard chow food (SLAC, Shanghai, People's Republic of China) and water. The model of rat cerebral ischemia-reperfusion injury was induced by transient MCAO according to Longa's methods. 27 In brief, 76 rats were anesthetized with 10% chloral hydrate and placed on a heated pad to maintain body temperature. Blood flow of the right middle cerebral artery was blocked with an intraluminal 4-0 surgical suture (Ethicon, Brooklyn, NY, USA) on the common carotid artery for 120 min followed by reperfusion. After the surgery, nine rats were excluded because of either no apparent deficits or unconsciousness. A total of 67 rats with successful MCAO were selected for the study and randomly divided into MCAO group (MCAO, n=39) and MCAO with treadmill exercise group (exercise, n=28). A total of 34 rats in the sham group underwent an identical process without cerebral arterial occlusion ( 
exercise intervention
Treadmill exercise was started 3 days before the MCAO procedure for adaptability. To avoid impact on neurogenesis, exercise preconditioning procedure was only conducted at a speed of 1 m/min for less than a minute each day for three consecutive days to let each rat get familiar with the treadmill environment. Then, a 30 min intensive aerobic exercise was conducted 1 day after MCAO for rehabilitation in the exercise group. Rats were forced to run on an electric treadmill at the beginning intensity of 6 m/min for 10 min and then 12 m/min for 20 min each day for 3-day and 6-day periods, respectively. Rats in the MCAO non-exercise group were kept relatively static on the treadmill at the same time. Group settings and exercise duration are shown in Table 1 . A set of 10 rats in the sham group and 12 rats in the MCAO group were used to check cytokine/chemokine changes 1 day after surgery as baseline control.
Motor function evaluation
Animal behavior was evaluated by foot-fault test at different time points based on modified Bederson scoring methods: 28 0, no deficit; 1, forelimb flexion; 2, forelimb flexion plus decreased resistance to lateral push; 3, unidirectional circling; 4, longitudinal spinning or seizure activity; 5, no movement ( Figure 1 ). Evaluation was performed by a laboratory assistant blinded to the experimental design. The average score of each experimental rat from three trials was used for statistical analysis.
Blood collection and tissue preparation
Blood was collected from all 101 experimental rats before tissue preparation, and extracted serums were stored at −80°C for later cytokine measurement. Brain tissue preparation was performed as described earlier. 26 Briefly, after 3-day and 6-day exercise treatment, four rats in each group at 3-day and 6-day time points, respectively, were anesthetized with 10% chloral hydrate and transcardially perfused with ice-cold phosphate-buffered saline and then with 4% paraformaldehyde. Brains were rapidly removed and fixed overnight in 4% paraformaldehyde at 4°C and transferred into a 30% sucrose solution the next day, then stored at −20°C before cryostatic sectioning. Brain tissues were sectioned coronally at 25 μm thickness and stored at −20°C for later Nissl staining and immunohistochemistry analysis. Brains from the remaining rats in each group at 3-day and 6-day time points were One day after surgery, brain tissues and blood of 10 rats from sham and 12 rats from McaO were collected to check baseline cytokine/chemokine levels. Brain tissues of four rats in each group at 3-day and 6-day time points were randomly selected for Nissl staining and immunohistochemistry analysis, respectively. Brain tissues and blood of the remaining rats in each group at 3-day and 6-day time points were used for cytokine/chemokine measurements, respectively. Abbreviation: McaO, middle cerebral artery occlusion.
Figure 1 graphical representation of motor function scores.
Notes: Rats with no deficit were scored 0 (A); rats with forelimb flexion influencing wrist (B) or shoulder (C) were scored 1; rats with forelimb flexion plus decreased resistance to lateral push were scored 2 (D); rats with unidirectional circling to the deficit side were scored 3 (E); rats with longitudinal spinning to the deficit side (F) or seizure activity (G) were scored 4; rats with no movement were scored 5 (H).
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Nissl staining and immunohistochemistry analysis
Nissl staining was conducted to assess neuronal survival in the cerebral cortex and caudatum. Frozen brain sections were dried overnight and then immersed in 0.1% cresyl violet at 37°C for 2 h until the desired depth of staining was achieved.
After rinsing with distilled water, sections were dehydrated in a graded series of 70%-100% ethanol, submerged in xylene, and then mounted with neutral balsam. Examined with a light microscope, neurons with round and palely stained nuclei were considered as surviving cells, whereas shrunken cells with pyknotic nuclei were considered as dying cells.
Immunohistochemistry staining was performed as described earlier. 26 In brief, frozen brain sections were blocked in 1% bovine serum albumin (BSA) for 1 h, followed by overnight incubation with primary antibodies: mouse antiNeuN for neuronal cells (Chemicon, Temecula, CA, USA), goat anti-Iba1 for microglial cells (Abcam, Cambridge, UK), mouse anti-glial fibrillary acidic protein (GFAP) for astrocytes (Sigma-Aldrich, St Louis, MO, USA) in 1% BSA at 4°C. Brain sections were incubated with appropriate biotinylated secondary antibodies for 2 h at room temperature followed by the complex of avidin-biotin horseradish peroxidase (HRP) and 3,3′-diaminobenzidine (DAB) HRP substrate detection (Invitrogen, Carlsbad, CA, USA). Five discontinued sections were analyzed from each specimen. Quantification of positively stained cells was conducted using Image-Pro Plus software version 5.1 (Media Cybernetics, Silver Spring, MD, USA). The total number of positive cells was counted in ischemic penumbra of cerebral cortex and caudatum with the lesion under high magnification (40×). For each section, five nonoverlapping visual fields in ischemic penumbra of cerebral cortex and caudatum with the lesion were chosen at random for statistical analysis. Cell counting was performed by a laboratory assistant blinded to the experimental design. Four rats were used in each group at 3-day and 6-day time points, respectively.
cytokine measurements
Proteins were extracted from lysed and homogenized brain tissues at each time point in each group (sham group: n=10 for 1-day, n=8 for 3-day, and n=8 for 6-day time points; MCAO group: n=12 for 1-day, n=9 for 3-day, and n=10 for 6-day time points; exercise group: n=11 for 3-day and n=9 for 6-day time points 
Results
exercise improved motor function
The effects of exercise on the neurological behavior of rats after ischemic brain injury were evaluated based on a modified Bederson scoring system as given in Table 2 . This scoring system was proportional to the degree of nerve injury. Exercise treatment was started 1 day after surgery and lasted for 3-day (n=15) and 6-day (n=13) periods, while the rats in the MCAO group were kept static in the same environment (3 days, n=13; 6 days, n=14). All 34 rats in the sham group were scored 0 for no deficit, which are not presented in this article. The neurological deficit scores did not show statistical difference in the MCAO group in comparison with baseline parameters 3 days (2.6±0.8 vs 2.5±1.0, P0.05) and 6 days post surgery (2.7±0.8 vs 2.4±0.9, P0.05), respectively. The neurological deficit scores of the baseline did not show statistical difference between the MCAO group and exercise group either (2.5±1.0 vs 2.3±1.0, P0.05 and 2.4±0.9 vs 2.4±1.0, P0.05). Behavioral scores were significantly reduced after 3-day (1.7±1.1 vs 2.6±0.8, P0.05) and 6-day (1.5±0.9 vs 2.7±0.8, P0.01) exercises in comparison with the MCAO groups ( Figure 2) . Thus, the results of the evaluation of 
exercise prevented death of neuronal cells
To determine the effects of exercise treatment on neuronal survival, Nissl staining was conducted on brain sections in penumbra of both cerebral cortex and caudatum. Healthy neurons with round and palely stained nuclei were found in the sham group in both cerebral cortex and caudatum ( Figure 3A[a, d] and B[a, d] ). In the MCAO group, neurons were relatively smaller with nuclear pyknosis clearly visible against the darkly stained cytoplasm 3 days after surgery ( Figure 3A[b] and B[b]), and healthy neurons were further reduced with more shrunken cells with pyknotic nuclei 6 days after surgery ( Figure 3A[e] and B[e] ). In the exercise treatment group, relatively more healthy neurons and less nuclear pyknosis were observed in comparison with the MCAO group after 3-day and 6-day exercises, respectively ( Figure 3A[c, f] and B[c, f] ). The results of Nissl staining demonstrate that exercise prevents death of neuronal cells induced by ischemic brain injury.
To verify the abovementioned observation, anti-NeuN antibody was used in the immunohistochemistry experiment to determine the number of surviving neuronal cells. In agreement with the results of Nissl staining, quantified data revealed that the MCAO reduced the number of NeuN-positive cells in comparison with sham in both cerebral cortex and caudatum at 3-day (P0.01 in both cerebral cortex and caudatum) and 6-day time points (P0.01 in both cerebral cortex and caudatum), which were partially reversed by the exercise treatment in both cerebral cortex and caudatum at 3-day (P0.01 in cerebral cortex and P0.05 in caudatum) and 6-day time points (P0.05 in cerebral cortex and P0.01 in caudatum), respectively ( Figure 3C and D) . These data further demonstrate that exercise treatment is effective in rescuing neuronal cell death after ischemic brain injury. 
exercise prevents ischemic brain injury exercise inhibited the activation of microglial cells and astrocytes
To evaluate the activity of microglial cells, Iba1 antibody was used by immunohistochemistry staining in ischemic penumbra of cerebral cortex ( Figure 4A ) and caudatum ( Figure 4B ) after 3 days and 6 days of surgery. In the sham group, normal microglial cells were dark brown with small cell bodies and multiple slender branched protuberances ( Figure 4A[a, d] and B[a, d] ). In the MCAO group, microglial cells were evidently activated after 3 days (P0.01 in both cerebral cortex and caudatum) and 6 days (P0.01 in both cerebral cortex and caudatum) of surgery with an increase in cell density, and many of them appeared hypertrophic and amoeboid in shape with statistical difference in comparison with the sham group ( Figure  4A Figure 4A [g]); in caudatum, the number of microglial cells in the exercise treatment group was also reduced with statistical difference (P0.01 for both 3 days and 6 days of exercise; Figure 4B [g]).
Astrocytes in cerebral cortex ( Figure 4C ) and caudatum ( Figure 4D ) were analyzed based on the immunohistochemistry staining of GFAP. In the sham group, GFAP immunopositive astrocytes were typically stellar in shape, with small dark staining cell bodies and long fine slender processes ( Figure 4C[a, d] and D[a, d] ). However, astrocytes in the cerebral cortex and caudatum around ischemic penumbra were activated to a large degree, as indicated by dark blue GFAP staining and had large cell bodies and thick protuberances in the MCAO group with statistical difference in comparison with the sham group (P0.01 for both 3 days and 6 days after surgery in both cerebral cortex and caudatum; Figure 4C [b, e] and D [b, e] ). In the exercise treatment group, the morphological profile of these astrocytes was altered, the cell bodies were reduced, and there were less emitting processes ( Figure  4C[c, f] and D[c, f] ). Quantitative analysis of astrocytes revealed that the numbers of GFAP-positive cells in the exercise treatment group after 3-day and 6-day exercises were significantly reduced in both cerebral cortex (P0.01 after 3-day exercise and P0.05 after 6-day exercise) and caudatum (P0.01 for both 3-day and 6-day exercises) in comparison with the MCAO group ( Figure 4C[g] and D[g] ). Thus, it is clear that exercise treatment 24 h after the MCAO procedure can alleviate the activation of microglial cells and astrocytes if it reaches the right amount of exercise intensity.
Time course of pro-inflammatory mediator expression
To determine the time course of pro-inflammatory mediator expression in brain tissues and serums after MCAO, protein levels of IL-1β, TNF-α and MCP-1 after 1, 3, and 6 days of surgery were measured by Bio-Plex Multiplex Cytokine Assays.
In the brain, the level of IL-1β significantly increased 1 day post MCAO in comparison with sham, declined gradually after 3 days and 6 days ( Figure 5A[a] ). The level of MCP-1 was increased in brain tissue after MCAO and peaked at 3-day time point (Figure 5A[b] ). There were no significant changes in the level of TNF-α at different time points in comparison with the sham group ( Figure 5A[c] ).
In peripheral blood, the expression of IL-1β rapidly increased to a maximum level 1 day after MCAO, declined thereafter and dropped significantly at 6-day time point (Figure 5B[a] ), which is consistent with the observation in the brain. Serum levels of MCP-1 and TNF-α increased significantly 1 day post MCAO and progressively decreased at 3-day and 6-day time points (Figure 5B[b, c] ). These results imply that exercise intervention should be performed at the peak level of cytokine response, which is 1 day post MCAO.
exercise downregulated pro-inflammatory mediators
To evaluate the effects of exercise on cytokine/chemokine changes in brain tissues and serums, Bio-Plex Multiplex Cytokine Assays were performed to measure protein levels of IL-1β, MCP-1, and TNF-α at 3-day and 6-day time points among the groups of sham, MCAO, and exercise, respectively. In brain tissues, IL-1β level in the MCAO group increased significantly post surgery in comparison with the sham group, but reduced significantly after 3-day and 6-day exercise treatment ( Figure 6A[a]) . TNF-α level did not show significant differences among the sham, MCAO, and exercise groups ( Figure 6A[c] ). The level of MCP-1 increased significantly in the MCAO group at both 3-day and 6-day time points compared with the sham group, but significantly decreased in the exercise treatment group at 6-day time point, although there were no statistical changes 
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Zhang et al Figure 4 exercise inhibited the activation of microglial cells and astrocytes. Notes: (A) immunohistochemistry staining using anti-iba1 antibody in cortex: a. sham group 3 days after surgery, b. McaO group 3 days after surgery, c. exercise group 3 days after surgery, d. sham group 6 days after surgery, e. MCAO group 6 days after surgery, f. exercise group 6 days after surgery, g. quantification of stained microglial cells. (B) immunohistochemistry staining using anti-iba1 antibody in caudatum: a. sham group 3 days after surgery, b. McaO group 3 days after surgery, c. exercise group 3 days after surgery, d. sham group 6 days after surgery, e. MCAO group 6 days after surgery, f. exercise group 6 days after surgery, g. quantification of stained microglial cells. (C) immunohistochemistry staining using anti-gFaP antibody in cortex: a. sham group 3 days after surgery, b. McaO group 3 days after surgery, c. exercise group 3 days after surgery, d. sham group 6 days after surgery, e. MCAO group 6 days after surgery, f. exercise group 6 days after surgery, g. quantification of stained astrocytes. (D) immunohistochemistry staining using anti-gFaP antibody in caudatum: a. sham group 3 days after surgery, b. McaO group 3 days after surgery, c. exercise group 3 days after surgery, d. sham group 6 days after surgery, e. MCAO group 6 days after surgery, f. exercise group 6 days after surgery, g. quantification of stained astrocytes. Bar =50 μm for all images; **P0.01 in comparison with the sham group; 
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exercise prevents ischemic brain injury after 3-day exercise ( Figure 6A[b] ). This implies that 3-day exercise intensity does not reach the threshold to alter MCP-1 expression significantly, but 6-day exercise does. In blood, IL-1β level in the MCAO group increased significantly post surgery in comparison with the sham group, but exercise treatment did not show significant effects on the level of IL-1β at either 3-day or 6-day time point compared with the MCAO group ( Figure 6B[a] ). The level of MCP-1 increased after MCAO at both 3-day and 6-day time points, but it significantly decreased after 3-day and 6-day exercise ( Figure 6B[b] ). MCAO increases TNF-α level at both 3-day and 6-day time points, but exercise did not show significant effects on the level of TNF-α compared with the MCAO group ( Figure 6B[c] ). The results indicate that exercise intervention attenuates the protein level of MCP-1 significantly, but did not alter TNF-α. Exercise can decrease the protein level of IL-1β, although there is no statistical significance.
Discussion
The current study investigated the effects of aerobic exercise on the score of neurobehavior, survival of neuronal cells, activation of glial cells, and expression of pro-inflammatory mediators after ischemic brain injury in a rat MCAOreperfusion model. It was found that exercise improved motor function and downregulated the expression of the pro-inflammatory mediators IL-1β and MCP-1.
The MCAO-reperfusion model is widely used in ischemic stroke research, because certain facets of this model resemble human disease acquisition. 27, 28 For example, in most survived patients, restoration of blood flow achieved by means of thrombolysis or mechanical recanalization may exacerbate the initial ischemic injury through reperfusion and cause disability. Pharmacological approaches to reduce ischemia-reperfusion insult have been tested in this MCAO model. [29] [30] [31] Recent clinical trials suggest that exercise rehabilitation has the same beneficial effects as pharmacological drugs to improve health-related quality of life not only in patients 6, 32 with ischemic stroke but also in patients post myocardial infarction. 7 Although intensive exercise may exacerbate brain cell damage, 33 numerous experimental data have shown that appropriate exercise protects against ischemic brain injury. 34, 35 Consistent with these findings, the results demonstrated that appropriate early treadmill exercise treatment improved the neurobehavioral scores and increased the number of survival neurons (Figures 2 and 3) , although the underlying mechanisms were not completely elucidated. Cotman and Engesser-Cesar 36 reported that exercise increased the production of neurotrophic factors, which might promote cell growth and enhance neuronal activity. Zhang et al's 9 research team showed that early exercise protected against cerebral ischemic injury through inhibiting neuron apoptosis. Schimidt et al 37 demonstrated that physical exercise attenuated oxidative stress and promoted better neuroprotection to an ischemic event. Ma et al's 38 results indicated that exercise therapy downregulated the overexpression of toll-like receptors after cerebral ischemia. These studies showed the beneficial role of exercise through different mechanisms.
Increasing evidences have demonstrated that inflammation resulted from leukocyte infiltration via reperfusion may play an important role in the pathogenesis of ischemic stroke. 11, 38 During brain Ischemia-reperfusion injury, pro-inflammatory mediators such as IL-1β, TNF-α, and MCP-1 are produced by microglia/macrophages and astrocytes, 39 which are believed to contribute to ischemic stroke. 40 Inhibiting the activities of these glial cells and their pro-inflammatory mediators would be an important strategy to protect against brain injury. The current study observed that exercise triggered brain preservation mechanisms to attenuate activities of microglial cells and astrocytes (Figure 4 ), which were the most sensitive and reliable indicators of brain pathological changes. 41, 42 Activated microglial cells are also the source of IL-1β and TNF-α production, which in turn activate microglial cells to cause more brain injury. 43 IL-1β has been demonstrated to induce MCP-1 expression in human airway smooth muscle cells. 44 MCP-1, an adhesion molecule that recruits monocytes, memory T-cells, and dendritic cells to the sites of tissue injury, has been reported to be involved in the neuroinflammatory processes 45 and expressed in glial cells during ischemic brain injury. 19 Therefore, inhibiting either the activation of glial cells or the expression of proinflammatory mediators may protect against brain injury. This hypothesis is in agreement with the results of Bio-Plex Multiplex Cytokine Assays. It was found that exercise reduced the protein levels of IL-1β and MCP-1 not only in the cerebral ischemic penumbra but also in peripheral blood after 3-day and 6-day treadmill running post MCAO, although there was no statistical difference for reduced IL-1β in peripheral blood ( Figure 6 ). Similarly, a French research team examined the influence of physical training (treadmill running) on IL-1β, IL-6, and IL-1ra in rats and found that the training program induced a significant decrease in IL-1β concentration in the brain but not in serum. 46 It is implied that IL-1β production is more sensitive to aerobic exercise in the central nerve system (CNS) than in the circulation. Thus, the results indicate that early exercise triggers brain preservation 
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Zhang et al to downregulate pro-inflammatory mediators such as IL-1β and MCP-1, but not TNF-α, for preventing brain damage with systematic effects of MCP-1 on peripheral blood. The possible explanation of the TNF-α neutral role was either that 6-day exercise intensity did not reach the threshold to alter TNF-α expression on the experimental rats or TNF-α was not as sensitive as MCP-1 to be changed rapidly and dramatically. In agreement with the results, a clinical study to evaluate biomarkers for patients at increased risk of stroke did not observe any changes of TNF-α in symptomatic patients with unstable plaques and high-grade carotid artery stenosis compared with asymptomatic patients with stable plaques. 47 Furthermore, a very recent investigation on 619 ischemic stroke patients and 612 controls indicated that TNF-α gene polymorphisms may not contribute to the risk of ischemic stroke. 48 One study even got opposite results and concluded that exercise-induced TNF-α markedly decreased blood-brain barrier dysfunction in stroke, 49 although others still supported the pro-inflammatory role of TNF-α that can exacerbate tissue damage in stroke. 18, 50 Moreover, TNF-α may have neutral role or contradictory effects in stroke as summarized by Hallenbeck. 51 However, little is known about the timing of molecular changes post MCAO. To determine the dynamic molecular changes, inflammatory mediators were also measured in brain tissues and serums at 1-day, 3-day, and 6-day time points after MCAO and found that except brain MCP-1 level peaked at 3-day time point, IL-1β and TNF-α from the brain and blood and MCP-1 from the blood all peaked on day 1 post MCAO compared with the sham surgery group ( Figure 5) . Thus, the data indicate that early exercise intervention should be performed at the peak level of cytokine/chemokine response on day 1 post MCAO.
There was a limitation in this study. The effects of aerobic exercise on the infarct volume are important, but they are not quantified in the study. This parameter is linked to the poststroke rehabilitation and will significantly improve the current work.
Conclusion
This study demonstrates that appropriate aerobic exercise contributes to neuroprotection against ischemic brain injury by improving motor function, preventing neuronal cell death, and inhibiting microglia and astrocyte activation via downregulation of the pro-inflammatory mediators IL-1β in CNS and MCP-1 in both CNS and circulation. These novel findings indicate that exercise combined with pharmacological intervention to block the inflammatory process through the IL-1β/MCP-1 signaling pathway may prevent the progression of ischemic stroke.
